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Ovules of higher plants are the precursors of seeds. Ovules emerge from placental tissue inside the gynoecium of flowers. Three elements,
funiculus, chalaza, and nucellus, can be distinguished along the proximal–distal axis of the outgrowing radially symmetrical ovule
primordium. The asymmetric initiation of the outer integument marks the switch to adaxial–abaxial development, which leads to the
formation of a bilaterally symmetrical ovule. The putative transcriptional regulator NOZZLE (NZZ) plays a role in mediating this transition
by controlling the timing of expression of the putative transcriptional regulator INNER NO OUTER (INO) in an abaxial domain of the
chalaza, from where the outer integument initiates. Integument formation depends on the homeobox gene WUSCHEL (WUS), which is
expressed in the nucellus and is sufficient to induce integuments non-cell autonomously from a region adjacent to its expression domain. In
this study, we describe the expression pattern of the homeobox-leucine zipper gene PHABULOSA (PHB) during ovule development,
demonstrating that adaxial–abaxial polarity is established from the very beginning of ovule development. Furthermore, we examined the
expression pattern of PHB, INO, and WUS in ovules of plants, which are affected in integument initiation and thus defective in the transition
from proximal–distal to adaxial–abaxial development. We found that NZZ is required to restrict PHB expression to the distal chalaza, from
where the inner integument initiates. PHB expression is not established in the distal chalaza of two mutants, aintegumenta (ant) and wus,
which fail to form integuments. Furthermore, we suggest that one mechanism by which WUS controls integument formation is by
establishing the chalaza and that outer and inner integument identity determination depends on additional region-specific factors. In addition,
we present evidence that NZZ is essential for the normal nucellar expression pattern of WUS. Thus, both WUS and PHB affect processes
downstream of NZZ action during the transition from proximal–distal to adaxial–abaxial ovule development.
D 2004 Elsevier Inc. All rights reserved.
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Ovules of the model plant Arabidopsis thaliana provide
an excellent system to study plant organogenesis (Chevalier
et al., 2002; Gasser et al., 1998; Grossniklaus and Schneitz,
1998). After fertilization, the ovule eventually gives rise to0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Arabidopsis, ovules develop from placental tissue as radial
primordia, within the gynoecium in the center of the flower.
Three elements, the funiculus, the chalaza, and the nucellus,
can be distinguished along the proximal–distal axis of the
developing ovule (Figs. 1A and 2H). The funiculus connects
the ovule to the placenta, and the megaspore mother cell
develops within the nucellus (Fig. 1A). Two integuments
initiate from the flanks of the chalaza and develop into the
seed coat after fertilization. The inner integument initiates
before the outer integument (Figs. 1A and 2G), the latter of
which initiates first at the abaxial side of the chalaza (the273 (2004) 321–334
Fig. 1. (A) Schematic representation of A. thaliana ovule development.
Stages 1-I to 2-IV of ovule development are shown. (B) A mature ovule
around stage 3-VI (Schneitz et al., 1995) is shown. Gametophytic tissue is
represented in white, sporophytic tissue is colored. Abbreviations: ad,
adaxial; ab, abaxial; nu, nucellus; ch, chalaza; fu, funiculus; mmc,
megaspore mother cell; ii, inner integument; oi, outer integument; tet,
tetrad; et, endothelium; es, embryo sac. In all panels shown, the adaxial side
of the ovule is to the left, and abaxial is to the right.
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the earliest morphological sign that adaxial–abaxial polarity
has been established in the chalaza and thus in the
developing ovule.
The switch from radially symmetrical primordia to
bilateral symmetry is accompanied by the initiation of the
integuments and needs to be coordinated with proximal–
distal development (Balasubramanian and Schneitz, 2000;
Gross-Hardt et al., 2002; Grossniklaus and Schneitz, 1998;
Reiser et al., 1995; Schiefthaler et al., 1999; Schneitz et al.,
1998). The homeobox gene WUSCHEL (WUS) plays a key
role with respect to the control of this transition (Gross-
Hardt et al., 2002). WUS is known to act in the shoot apical
meristem and in the floral meristem to maintain a population
of stem cells in a region above its expression domain (for
review, see Clark, 2001; Fletcher, 2002; Gross-Hardt and
Laux, 2003). In ovules, WUS is expressed exclusively in the
nucellus, but was found to be necessary for integument
formation in Arabidopsis. Wild-type WUS function under
the control of the CLAVATA1 (CLV1) promoter rescued the
wus mutant phenotype in the apical meristem and in the
flower meristem, but could not restore normal WUS
function in the ovules, since CLV1 is not expressed in the
ovules (Gross-Hardt et al., 2002). The ovules of such wus
mutant plants remain radially symmetrical and do not forminteguments, thus they resemble mutant ovules of aintegu-
menta (ant) (Baker et al., 1997; Elliott et al., 1996; Gross-
Hardt et al., 2002; Klucher et al., 1996; Schneitz et al.,
1997). When WUS was ectopically expressed in the chalaza
under the control of the ANT promoter, it was capable to
induce ectopic structures at the flanks of the funiculus.
These structures morphologically resembled integuments,
indicating that WUS was sufficient to promote integument
formation non-cell autonomously in cells proximal to the
WUS expression domain (Gross-Hardt et al., 2002).
Adaxial–abaxial polarity must be established in the ovule
primordium before the asymmetric initiation of the outer
integument. Outer integument formation occurs soon after
the polar expression of INNER NO OUTER (INO) on the
abaxial side of the ovule primordium, at the position where
the outer integument will form (Balasubramanian and
Schneitz, 2000; Meister et al., 2002; Villanueva et al.,
1999). INO is necessary for outer integument formation and
belongs to the YABBY family (Villanueva et al., 1999).
Members of the YABBY gene family encode putative plant-
specific transcriptional regulators, some of which have been
shown to promote abaxiality in shoot organs (Bowman et
al., 1995; Eshed et al., 1999; Sawa et al., 1999; Siegfried et
al., 1999). Extensive genetic analysis has led to the
identification of regulators of INO, and thus of genes that
are involved in adaxial–abaxial polarity establishment
during ovule development. Among them are NOZZLE/
SPOROCYTELESS (NZZ/SPL), which encodes a putative
transcription factor (Balasubramanian and Schneitz, 2000,
2002; Schiefthaler et al., 1999; Yang et al., 1999), and ANT,
which encodes a transcription factor of the AP2 family
(Elliott et al., 1996; Klucher et al., 1996; Nole-Wilson and
Krizek, 2000). INO maintains its own expression via a
positive feedback-loop (Meister et al., 2002; Villanueva et
al., 1999), which includes ANT and NZZ (Balasubramanian
and Schneitz, 2000, 2002). INO expression occurs too early
in nzz mutant ovules and too late in ant mutant ovules.
Thus, both NZZ and ANT act in a temporal manner to
repress and activate INO, respectively (Balasubramanian
and Schneitz, 2000, 2002). The precocious onset of INO
expression in nzz mutants interferes with proximal–distal
development. Ovules of nzz mutants develop a reduced
distal tip with a smaller nucellus, but form a hyperplastic
funiculus. Therefore, the temporal control of NZZ on INO
prevents INO from being active too early, leaving enough
time for the completion of proximal–distal axis develop-
ment. Another regulator of INO, SUPERMAN (SUP),
encodes a zinc-finger transcription factor (Sakai et al.,
1995). It has been shown that SUP acts as a spatial repressor
of INO, by interfering with the maintenance of INO
feedback regulation on the adaxial side of the ovule
primordium (Meister et al., 2002). INO expression extends
throughout the chalaza in sup mutant ovules, and the outer
integument grows equally on the adaxial and the abaxial
side of the primordium, respectively (Balasubramanian and
Schneitz, 2002; Gaiser et al., 1995; Meister et al., 2002). In
P. Sieber et al. / Developmental Biology 273 (2004) 321–334 323addition to its role in the temporal control of INO
expression, NZZ, together with ABERRANT TESTA SHAPE
(ATS) prevents INO expression in the adaxial chalaza,
similar to SUP action.
Many factors involved in the specification of adaxial
identity in lateral plant organs have been identified in
Arabidopsis and other plants, for example, in Antirrhinum
or maize (Bowman et al., 2002). Among them, PHABU-
LOSA (PHB) encodes a homeodomain leucine-zipper tran-
scriptional regulator (McConnell et al., 2001). Semidominant
gain-of-function mutations in PHB cause radialized lateral
organs, and the appearance of adaxial cell types on abaxial
positions indicating that PHB acts as a promoter of adaxial
cell fate in Arabidopsis. Homozygous phb-1d mutant plants
are very small and sterile, since all floral organs produced are
completely radialized and ovules are not formed (McConnell
and Barton, 1998, see below). However, heterozygous phb-
1d/PHB plants form linear ectopic ovules outside of the
carpel, implicating a role for PHB in polarity establishment
during ovule development (McConnell and Barton, 1998;
McConnell et al., 2001).
In this work, we present findings that further our
understanding of how radially symmetrical ovule primordia
switch to bilateral symmetry. We describe the expression
pattern of PHB during wild-type ovule development. In
addition, we used PHB, together with INO and WUS, as
tissue-specific molecular markers to further characterize
mutant ovules that are defective during this polarity
transition and at the same time to find genes that regulate
the tissue-specific expression pattern of PHB, INO, orWUS.
We found that adaxial–abaxial polarity is already estab-
lished in the earliest emerging ovule primordium, long
before adaxial–abaxial development becomes morphologi-
cally discernible. Our analysis of the expression patterns of
the regional markers PHB and INO in ovules, which either
lack wild-type WUS function or miss-express WUS,
respectively, suggests a primary role for WUS in specifying
the chalaza and at the same time indicates that inner and
outer integument identity establishment requires additional
region-specific factors. Furthermore, we report on evidence
that NZZ is necessary for the proper establishment of both
PHB and WUS expression. Thus, INO, PHB, and WUS
appear to act downstream of NZZ during the switch from
proximal–distal to adaxial–abaxial development.Materials and methods
Plant growth and mutant alleles
A. thaliana (L.) Heynh. var. Landsberg (erecta mutant)
was used as the wild-type strain. Plants were grown as
described previously (Balasubramanian and Schneitz, 2000;
Schneitz et al., 1997). The following alleles and/or trans-
genic plants were used in crosses and in situ analyses. The
putative null allele nzz-2 (Schiefthaler et al., 1999), thestrong ino-2 allele (Balasubramanian and Schneitz, 2002;
Villanueva et al., 1999), the strong ant-72F5 allele (Schneitz
et al., 1997), as well as the semidominant gain-of-function
allele phb-1d (McConnell and Barton, 1998; McConnell et
al., 2001) were all described before. The nzz-2 ino-2 double
mutants were identified as described previously (Balasu-
bramanian and Schneitz, 2000). All mutant alleles are in Ler
background.
We designed a cleaved amplified polymorphic sequence
(CAPS)-marker using the primer pair CATCAACTTCA-
CACTGTAAAGTTC/CTTCATCTTCAGACACAAC-
TAAAG, and the restriction enzyme MboII to genotype
mutant phb-1d plants. Under our growth conditions,
homozygous phb-1d mutant plants did not produce ovules
and remained very small. In all experiments, we used
mutants, which were heterozygous phb-1d/PHB at the PHB
locus.
Gross-Hardt et al. (2002) established two transgenic
lines, one of which, wus, represents a wus loss-of-function
ovule mutant, whereas the ANTDWUS line ectopically
expresses WUS under the control of the ANT promoter in
wild-type Ler background.
Recombinant DNA techniques and plasmid vector
construction
Molecular standard procedures were performed as
described in Sambrook and Russell (2001). INO coding
sequence was amplified from the plasmid pRJM23 (a kind
gift from Chuck Gasser) (Villanueva et al., 1999) using the
primers PS172 (5V-CGGGATCCATGACAAAGCTCCC-
CAACATG-3V) and PS174 (5V-CGGAATTCTTACT-
CAAATGGAGATTTTCCC-3V). After digesting with
BamHI and EcoRI, full-length INO coding sequence was
ligated into BamHI–EcoRI digested pBluescriptSK+ (Stra-
tagene) to generate pSK-INO.
Nonradioactive in situ hybridization analysis
The protocol used is based on the protocol used by Long
and Barton (1998) and the in situ hybridizations were
performed as described previously (Alvarez-Venegas et al.,
2003; Balasubramanian and Schneitz, 2000). A detailed
protocol can be found at http://plantdev.bio.wzw.tum.de/
methods/inSitus/inSituProtocol.pdf. We used NBT/BCIP
substrate in TNM-50 buffer with 1 mM Levamisole for
the color reaction. DIG-UTP labeled antisense WUS tran-
script was synthesized from the EcoRI cut plasmid
pWUScDNA_A1-1 (kindly provided by Jan Traas) using
T7 RNA polymerase. For the sense control, this plasmid
was digested with XhoI and transcribed with T3 RNA
polymerase. The plasmid pJMI containing the 3V coding
region of the PHB gene, which lacks the conserved START
coding sequence (McConnell et al., 2001, a kind gift from
Kathy Barton), was linearized using SalI restriction enzyme
and transcribed in vitro with T7 RNA polymerase to
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transcribed with SP6 after NcoI digest of the pJMI template
(McConnell et al., 2001). Sense and antisense INO probes
were generated from EcoRI and BamHI linearized pSK-
INO, using T3 and T7 RNA polymerase, respectively. The
in situ hybridized slides were viewed using a Zeiss Axioplan
microscope under differential interference contrast (DIC)
illumination. Photographs where taken with Kodak 320 T
films or with a digital camera set-up from Optronics
(Magnafire model S99802, Optronics, USA). Images were
processed using Image-Pro Express (Media Cybernetics,
L.P, USA) and Adobe Photoshop 5.5 (Adobe, USA).
Scanning electron microscopy
Scanning electron microscopy was described previously
(Schneitz et al., 1997).Results
PHB expression in ovules
Wild-type ovule development has been described pre-
viously (Modrusan et al., 1994; Robinson-Beers et al., 1992;
Schneitz et al., 1995). Adaxial–abaxial polarity in ovules
becomes morphologically evident with the asymmetrical
initiation of the outer integument (Figs. 1 and 2H). Thus,
mutants affected in this process can help to find genes,
which regulate adaxial–abaxial polarity in ovules. Gynoecia
of heterozygous phb-1d/PHB gain-of-function mutants
develop ectopic ovules outside the carpels. These ectopic
ovules were described as linear (McConnell and Barton,
1998), suggesting that phb-1d/PHB ovules might be
defective in adaxial–abaxial polarity establishment. We
examined the ovules inside carpels of phb-1d/PHB mutants
and found that the outer integument initiates first on the
abaxial side, as in wild-type ovules (Fig. 2, compare N and
H), but the initiated outer integument arrests around stage 2-
IV (stages according to Schneitz et al., 1995), resembling a
weak allele of ino (Figs. 2M–O).
We examined PHB expression during ovule develop-
ment. PHB transcript was detectable already at the youngest
stages (stage 1-I,) of ovule development (Figs. 2A, B) when
PHB mRNA is restricted predominantly to the adaxial side
of the ovule primordium. Thus, PHB shows polar expres-
sion along the adaxial–abaxial axis of the emerging ovule
primordium before adaxial–abaxial development can be
observed morphologically. PHB is expressed opposite the
region where INO mRNA can be first detected around stage
1-II/2-I in wild-type ovules (Balasubramanian and Schneitz,
2002; Villanueva et al., 1999). Around stage 1-II/2-II, PHB
expression becomes restricted to a region in the distal
chalaza. Around the time when the integuments initiate
(stages 2-II and 2-III), PHB transcript marks the inner
integument (Figs. 2C–E). We usually observed highestlevels of PHB expression in the inner layer of the inner
integument from stage 2-II until around stage 2-IV (Figs.
2D, E and 7A, panel 1)).
PHB and INO do not seem to regulate each other during
ovule development
Homozygous phb-1d plants do not form ovules. To better
understand the phb-1d/PHB ovule phenotype, we studied
PHB expression in phb-1d/PHB mutant ovules. In accord-
ance with McConnell et al. (2001), we found PHB
upregulated throughout various tissues of the inflorescence
(not shown). We also found PHB expression upregulated in
the ovules. PHB expression was still stronger on the adaxial
side of stage 1-I/1-II ovule primordia, but PHB mRNA
could also be detected on the abaxial side of the primordium
(Fig. 3A vs. Fig. 2B). Around stages 1-II/2-II, PHB was
expressed in the distal chalaza, but in addition, PHB
expression extended proximally into the chalaza and into
the funiculus (Figs. 3B, C compare to Figs. 2C–E). PHB
transcript was also detected in the outer integument in phb-
1d/PHB ovules (Figs. 3D, E).
Ovules of ino and phb-1d/PHB mutants show similar
phenotypes, indicating that these genes could interact.
Furthermore, it was reported that the expression of the
YABBY gene FIL was greatly reduced in phb-1d/PHB plants
(Siegfried et al., 1999). Therefore, we examined INO
expression in phb-1d/PHB background. INO expression in
wild type starts around stage 1-II/2-I on the abaxial side of
the ovule primordium at the position where the outer
integument will initiate (Figs. 3P, Q and Balasubramanian
and Schneitz, 2002; Villanueva et al., 1999). Subsequently,
INO transcript becomes restricted to the outer cell layer of
the outer integument (Figs. 3R–T and Balasubramanian and
Schneitz, 2000, 2002; Meister et al., 2002). Occasionally, in
phb-1d/PHB mutant ovules, INO expression appeared to be
reduced in the outer integument (Fig. 3O, inset), but
generally, INO expression seemed normal in phb-1d/PHB
mutant ovules (Figs. 3K–O). Thus, the ino-like phenotype
displayed by phb-1d/PHB mutant ovules is probably not
mediated by reduced levels of INO transcript. The analysis
was hampered, however, by the fact that phb-1d/PHB-1d
plants fail to form ovules. Thus, we could not assay if
homozygous phb-1d plants show an altered INO expression.
Next, we tested whether we could also detect ectopic
PHB expression extending into the proximal chalaza of ino
mutant ovules. Early adaxial–abaxial polarity is still
maintained in the ino-2 primordium, as indicated by the
adaxial PHB expression in the stage 1-I primordium (Figs.
3F, G). Around and after stage 1-II, PHB expression in loss-
of-function ino-2, as in wild-type ovules, was confined to a
small band in the distal chalaza, which included the
initiating inner integument (compare Figs. 3H–J to Figs.
2C–E). Altogether, PHB expression is increased in the
proximal chalaza and in the outer integument of phb-1d/
PHB mutant ovules, which is different from PHB expres-
Fig. 2. (A–E) The PHB expression pattern in wild-type ovules, as detected by in situ hybridization analysis. In all panels shown, the adaxial side of the ovule is
to the left, and abaxial is to the right. The sections were probed with anti-sense PHB probe. Cross sections through carpels are shown, except for B, where the
plane of section through the carpel is oblique longitudinal. Stages: (A, B) 1-I; (C) 2-II; (D, E) 2-III/2-IV. Arrowhead points to the inner cell layer of the ii. Sense
probe gave no signal above background (data not shown). (F–O) Scanning electron micrographs of wild-type (F–J) and phb-1d/PHB (K–O) ovules are shown.
Stages: (K) 1-I; (F, L) 1-II/2-I; (G) 2-II; (H, M, N) 2-III; (I) approximately 3-IV; (J, O) approximately 4-IV. (H, N) Three distinct pattern elements, the nucellus
(nu), the chalaza (ch), and the funiculus (fu), can be distinguished along the proximal–distal (proximal–distal) axis of both the wild- and phb-1d/PHB mutant
ovules (H, M). The inner integument (ii) has initiated before the outer integument (oi) becomes visible (G). The oi initiates first on the abaxial side of the
primordium (H, N) and subsequently grows around the entire primordium. In the wild-type ovule, the oi finally overgrows both ii and nu (I). Note: In phb-1d/
PHB mutant ovules, the oi fails to grow pass the ii (compare O to I, J). Abbreviations: nucellus; ch, chalaza; fu, funiculus; ii, inner integument; oi, outer
integument; ad, adaxial; ab, abaxial. Scale bars, 20 Am.
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seems unaffected compared to wild-type ovules. This
indicates that PHB and INO act independently during the
establishment of the adaxial–abaxial polarity in ovule
development.
NZZ controls the spatial PHB expression domain
We examined PHB expression in nzz-2 mutant ovules to
test whether NZZ regulates PHB expression. Initially, early
adaxial–abaxial expression of PHB is normal (Fig. 4A). At
later stages, however, PHB expression is markedly altered in
nzz-2 plants. PHB expression extends ectopically into the
distal tip of the nzz-2 ovule primordium, while still being
expressed in the initiating inner integument (Figs. 4B–E vs.
Figs. 2C–E). The PHB expression pattern diverges from the
pattern seen in wild-type ovules at stage 1-II/2-I. This is
around the time when the megaspore mother cell becomes
morphologically recognizable and it coincides with the first
divergence of the nzz-2 mutant phenotype from wild-type
development (Fig. 4B, compare to Fig. 2C). In nzz mutantovules, the nucellus is strongly reduced in its proximal–distal
extension and a megaspore mother cell is mostly absent. To
test whether the distal ectopic PHB expression in nzz is
dependent on INO function, we analyzed PHB expression in
nzz-2 ino-2 double mutant background. In nzz-2 ino-2 double
mutant ovules, the distal shift of the chalazal element is
reversed and the proximal–distal extension of the distal tip is
restored to the size of a wild-type nucellus. An increase in
megaspore mother cells from 5% to 20% was reported,
indicating that nucellar identity was (at least to some extent)
restored in nzz-2 ino-2 double mutant ovules (Balasubrama-
nian and Schneitz, 2000). In addition to its normal
expression in the inner integument, we found ectopic PHB
expression throughout the nucellus of nzz-2 ino-2 double
mutants (Figs. 4F–J). Ectopic PHB expression was first
observed around stage 1-II/2-I (Figs. 4F, G) as in nzz-2
mutant ovules. Thus, both the proximal–distal extension of
the PHB expression domain and the size of the nucellus are
enlarged in nzz-2 ino-2 double mutants. Furthermore,
ectopic PHB expression could also be detected in the
nucellus when a megaspore mother cell was present (Fig.
Fig. 3. The PHB expression patterns in phb-1d/PHB (A–E), and ino-2 (F–J) mutant ovules, and INO expression in phb-1d/PHB (K–O) mutant and wild-type
(P–T) plants, as detected by in situ hybridization. Cross sections through carpels are shown. Stages: (F, P) 1-I; (A, G, K) 1-I/II; (B, H, L, Q) 1-II/2-I; (C) 2-I/II;
(I, J) around 2-II; (D, M, N, R) 2-III; (S) around 2-IV; (E, T) around 2-V; (O) around 2-V/3-I. In all panels shown, the adaxial side of the ovule is to the left, and
abaxial is to the right. Red line highlights the approximate position of the nucellar–chalazal boundary. Arrow marks distal INO expression boundary. Sense
probe gave no signal above background (data not shown). Scale bars, 20 Am.
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expression of PHB does not depend on INO function, but is
caused by the absence of NZZ function, and second, the
distal PHB expression in nzz ovules does not seem to reflect
a distal shift of the PHB expressing region. This suggests a
repressive function for NZZ on PHB transcription in the
nucellus. Thus, NZZ restricts the PHB expression domain to
a small region within the distal chalaza (Fig. 7A, panel 5 and
6 vs. Fig. 1).
PHB expression is not established in the distal chalaza of
wus and ant mutant ovules
Two mutants that fail to form integuments, ant and wus,
have been described previously (Elliott et al., 1996; Gross-
Hardt et al., 2002; Klucher et al., 1996; Schneitz et al., 1997).
Therefore, we tested whether ANT and/orWUS regulate PHBexpression in ovules. For both ant-72F5 and wus mutant
ovules, we found that the early PHB expression pattern was
similar to that seen in wild-type primordia. (Figs. 5A, B, F,
G). However, around stage 1-II/2-I, PHB expression was not
established in ant-72F5 or wus mutant ovules (Figs. 5C–E,
H–J). This indicates that both ANT and WUS function are
necessary for the establishment of laterPHB expression in the
distal chalaza. Furthermore, this finding suggests that both
WUS and ANT, either directly or indirectly, act upstream of
PHB transcription in chalaza formation and/or integument
formation (Figs. 7A, panel 2 and 3).
The PHB expressing cells of the distal chalaza are replaced
by INO expressing cells in wus mutant ovules
Around stage 3-I in ant-72F5 plants, epidermal cells
enlarge at the position where the outer integument initiates
Fig. 4. In situ hybridization analysis of PHB expression in nzz-2 mutant ovules (A–E) and nzz-2 ino-2 double mutant ovules (F–J). Cross sections through
carpels are shown, except for D, where the plane of the cross section is oblique. Stages: (A) 1-I; (B) 1-II; (C, F, G) 2-I; (H) 2-II; (D, E, I, J) around 2-III. In al
panels shown, the adaxial side of the ovule is to the left, and abaxial is to the right. The double arrow emphasizes the proximal–distal extension of both the
nucellus/distal tip (dt), as well as the proximal–distal extension of the PHB expression domain. Abbreviations: nu, nucellus; dt, distal tip; ii, inner integument
iii, initiating inner integument; oi, outer integument; ad, adaxial. Sense probe gave no signal above background (data not shown). Scale bars, 20 Am.
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late stages (around stage 4-V) at the expected distance
from the nucellus (Balasubramanian and Schneitz, 2002;
Schneitz et al., 1997). Ovules of wus mutants resemble ant
mutant ovules, since these ovules do not form integu-
ments. When we examined INO expression in wus mutant
ovules, we could detect INO expression (Figs. 5V–Y), but
unlike in wild-type ovules and ant-72F5 ovules, INO
transcript was found adjacent to the nucellus, extending
into the region that normally expresses PHB (compare
Figs. 5V–Y to Figs. 3Q–T, this study, and Balasubrama-
nian and Schneitz, 2002, Figs. 2E–H). Therefore, wus
mutant ovules differ from wild-type ovules and ant mutant
ovules with respect to INO expression. Both ant and wus
mutant ovules fail to form integuments, but only in wus
mutant ovules INO expression is shifted to a more distal
position. Furthermore, the funiculus of wus ovules seems
elongated when compared to both wild-type and ant mutant
funiculi (compare Figs. 5W, X, J, vs. E, and Figs. 3S, T).
Therefore, it seems likely that PHB expression is absent in
wus mutant ovules, because the chalaza is not established
correctly. This suggests a role for WUS in proximal–distal
patterning and, more precisely, in the establishment of the
chalaza.
Strong and restricted WUS expression in the nucellus
requires NZZ function
Ovules of nzz loss-of-function mutants lack a functional
nucellus. Earlier in this study, we found that the homeobox
gene PHB was misexpressed in the distal tip of nzz mutant
ovules. Therefore, we used WUS as a nucellar marker inl
;nzz-2 mutant ovules to better understand the phenotype(s)
of nzz mutant ovules. In wild-type plants, WUS is
expressed in the distal cells of very young ovule primordia
(Fig. 6V). From stage 1-II to stage 3-I, strong WUS
expression is restricted to the nucellus of wild-type ovules
(Gross-Hardt et al., 2002, and this study, Figs. 6W–Y).
When we compared WUS expression in nzz-2 with the
expression pattern in wild-type ovules, we found that the
WUS signal was strongly reduced in the distal tip of nzz-2
ovules (compare Figs. 6B–E to W–Y). We compared
slides where WUS expressing cells in floral meristems and
inflorescence meristems showed comparable signal inten-
sity (Figs. 6A, U). In addition, the proximal boundary of
the WUS expressing domain was not as sharp as in wild-
type ovules (Figs. 6B–D). Reduced levels of WUS
transcript in nzz-2 mutant ovules are neither caused by
ectopic INO expression nor due to reduced nucellar
extension, since WUS expression levels were also very
low in nzz-2 ino-2 double mutant ovules (Figs. 6F–J).
Consistent with this finding, WUS expression in ino-2
single mutant ovules resembled the pattern seen in wild-
type ovules (Figs. 6K–O).
In nzz mutant ovules, PHB is ectopically expressed in
the distal tip, whereas WUS expression is strongly reduced.
In phb-1d/PHB mutant ovules, ectopic PHB expression
could be detected in more proximal positions of the chalaza
and also in the funiculus, but PHB transcript was mostly
absent from the nucellus (Figs. 3A–E). We tested whether
WUS expression is altered in phb-1d/PHB mutant ovules
and we found high level WUS expression in the nucelli of
phb-1d/PHB ovules (Figs. 6P–T), similar to WUS expres-
sion in wild-type. This indicates that PHB does not cause
Fig. 5. The PHB expression patterns in ant-72F5 (A–E), wus (F–J), and ANTDWUS (K–O) mutant ovules, and INO expression in ANTDWUS (P–T), and wus
(U–Y) mutant ovules, as detected by in situ hybridization. Cross sections through carpels are shown. Stages: (A, U) early 1-I; (F) 1-I; (B, G, K, L, P) 1-II; (Q)
2-I; (M) 2-II; (C, H, I, N, R, S, V, W, X, Y) around 2-III; (D, E, O) around 3-I; (J, T) around 3-III. In all panels shown, the adaxial side of the ovule is to the left,
and abaxial is to the right. Abbreviations: ii, inner integument; oi, outer integument; eoi, ectopic outer integument; ad, adaxial; ab, abaxial; mmc, megaspore
mother cell; se, sepal; pe, petal; ca, carpel. Arrowhead points out proximal boundary of PHB expression domain and arrow marks distal boundary of INO
expression domain. Red line highlights the approximate position of the nucellar–chalazal boundary. Star indicates position of arrested ectopic outer
integuments. No signal above background was detected with either sense probe (data not shown). Scale bars, 20 Am.
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expression in the nucellus of phb-1d/PHB mutant ovules.
However, the question of whether ectopic PHB expression
causes reduced WUS expression in nzz-2 mutant ovules
remains unanswered.Thus, NZZ function is necessary for high and restricted
WUS expression in the nucellus (Fig. 7A, panel 4),
suggesting that NZZ acts as a positive regulator of WUS
transcript accumulation in the nucellus, whereas NZZ is not
required for the initiation of WUS expression.
Fig. 6. WUS mRNA pattern in nzz-2 (A–E), nzz-2 ino-2 (F–J), ino-2 (K–O), and phb-1d/PHB (P–T) mutant ovules, as well as in Ler (U–Y) wild-type plants,
are shown. (A, U) Cross sections through floral meristems and inflorescence meristems, respectively. Cross sections through older carpels are shown in the
other pictures, except for E, M, N, and Y where the plane of section through the carpel is oblique longitudinal. (A) Flower around floral stage 5 (floral stages
according to Smyth et al., 1990); stages of ovules: (F, K, P, V) 1-I; (B, G, L, W) 1-II; (H, M, Q) 2-I; (I, N, R, S) 2-II; (C) around 2-II/III; (T, X, Y) 2-III; (D, J,
O) around 2-III; (E) approximately 3-I. In all panels shown, the adaxial side of the ovule is to the left, and abaxial is to the right. Abbreviations: im,
inflorescence meristem; fm, floral meristem; se, sepals; ii, inner integument; oi, outer integument. No signal above background was detected with WUS sense
probe (data not shown). Scale bars, 20 Am.
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formation of a single distal inner integument, followed
proximally by arrested ectopic outer integuments
It has been shown that WUS is sufficient to induce
integument-like structures, when misexpressed under the
control of the ANT promoter (Gross-Hardt et al., 2002 andFig. 7B, left panel). We used PHB and INO as molecular
markers to probe the identity of the integument-like
structures in the ANTDWUS transgenic plants. When
compared to wild-type ovules, PHB expression was
unaltered in the early primordia of ANTDWUS ovules
(Figs. 5K, L) until the time of integument initiation. From
around stage 2-II onward, PHB expression marked the zone
Fig. 7. (A) Summary of expression patterns of INO, PHB, and WUS in various mutant backgrounds. For reasons of clarity, the WUS and PHB expression
patterns in nzz-2 are shown in two independent schemes. PHB is represented by red color, INO by yellow color, and WUS by blue color. (2) In wus mutant
ovules, the proximal–distal extension of the chalaza is reduced and the PHB expressing segment is absent. (4) Expression level of WUS is strongly reduced in
nzz-2 as indicated by lighter shades of blue, and the proximal expression boundary is not as clear as in wild-type ovules. PHB is ectopically expressed in the
distal tip of nzz-2 (5) and nzz-2 ino-2 mutant ovules (6). INO transcript can be detected earlier in nzz-2 mutant ovules (5), when compared to wild-type, and the
proximal–distal extension of the nzz-2 nucellus is reduced (Balasubramanian and Schneitz, 2000, 2002). (B) Summary of the expression patterns ofWUS (blue)
(Gross-Hardt et al., 2002), as well as PHB (red) and INO (yellow) in ANTDWUS transgenic plants. Ectopic outer integument primordia develop from the
proximally extended chalaza of ANTDWUS transgenic plants and the funiculus is greatly reduced. Abbreviations: nu, nucellus; ch, chalaza; fu, funiculus; mmc,
megaspore mother cell; ii, inner integument; oi, outer integument; tet, tetrad. In all panels shown, the adaxial side of the ovule is to the left, and abaxial is to the
right.
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arrowhead). Even around stage 3-I, the innermost integu-
ment was the only integument to express PHB (Fig. 5O).
This strongly suggests that the first integument-like struc-
ture represents an inner integument.
We found normal INO expression in the young ovule
primordia of ANTDWUS plants (Figs. 5P, Q, compared with
3P, Q). At later stages, INO was expressed in the outer
integument, but we could also detect ectopic INO expression
in more proximal positions, for example, the positions where
additional ectopic integuments initiated (compare Figs. 5R,
S, with Fig. 3R). The ovules of ANTDWUS plants continued
to produce ectopic integuments, which expressed the outer
integument marker INO (Figs. 5S, T). Remarkably, none of
the integuments proximal to the inner integument was
capable of maintaining strong INO expression. The INO
expressing integument-like structures never reached the size
of normal integuments and arrested shortly after initiation
((Gross-Hardt et al., 2002) Figs. 6A–D, H, and this study,
Figs. 5S, T). It is unclear, however, whether the failure to
maintain INO expression actually causes the ectopic integu-
ments to arrest shortly after they initiated. In contrast to this,the inner integuments maintained the capability to grow and
they usually grew past the nucellus (Gross-Hardt et al., 2002,
Figs. 6B–D, and this study, Fig. 5T).
In summary, ectopic expression of WUS under the
control ANT promoter, in addition to its normal expression
domain, leads to the formation of a single inner integument,
followed by the initiation of several outer integuments (Fig.
7B, right panel). Our data indicate that additional region-
specific clues are involved in the decision of whether the
initiating integument primordium expresses inner or outer
integument characteristics.Discussion
Function for PHB in adaxial–abaxial polarity establishment
and pattern formation during ovule development
Ovule primordia grow from placental tissue, first as
radially symmetrical primordia and later develop bilateral
adaxial–abaxial symmetry. In this study, we examined genes
that are involved in this transition and how they relate to each
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development since phb-1d/PHB gain-of-function mutants
are arrested during this polarity switch and as a consequence
form linearized ovules (McConnell and Barton, 1998). PHB
functions in radial patterning of the shoot by promoting
adaxial cell fate in lateral organs (Emery et al., 2003;
McConnell et al., 2001). Both PHB expressions on the
adaxial side of the early ovule primordium as well as within
the inner integument are in accordance with PHB expression
pattern in shoot organs, where PHB expression is restricted to
meristems as well as to the adaxial side of lateral organs
(McConnell et al., 2001). Adaxially restricted PHB expres-
sion can be detected already in the youngest stages of ovule
primordium outgrowth (Figs. 2A, B), indicating that adaxial–
abaxial polarity has been established at the time the ovule
primordium emerges from the placenta. Outgrowth of the
ovule primordium was not affected in phb-1d/PHB mutant
ovules (Figs. 2K, L), and homozygous phb loss-of-function
mutants do show a wild-type phenotype (Emery et al., 2003).
Thus, PHB per se is not essential for the early stages of ovule
development in Arabidopsis and its role during early ovule
development remains unclear, which is likely due to
redundancy of PHB with PHAVOLUTA and REVOLUTA
(Emery et al., 2003). However, the restricted adaxial
expression pattern of PHB in the early ovule primordium
suggests a possible role for PHB in adaxial–abaxial polarity
determination of the early ovule primordium.
Adaxial–abaxial development becomes morphologically
apparent much later, and after the finger-like primordium
has reached its proximal–distal extension and funiculus,
chalaza and nucellus can be distinguished. The initiation of
the outer integument marks the transition to bilateral
symmetry and is preceded by the onset of INO expression
on the abaxial side of the proximal chalaza. By this time,
PHB expression is restricted to the distal chalaza in wild-
type ovules (Figs. 2C and 7A panel 1)). Ovules of phb-1d/
PHB plants arrest at this point (McConnell and Barton,
1998, and this study) and PHB expression appears
upregulated in the proximal chalaza of phb-1d/PHB ovules.
The mutant form of PHB is capable to repress abaxial cell
fate in lateral shoot organs (McConnell and Barton, 1998;
McConnell et al., 2001; Siegfried et al., 1999). Higher levels
of PHB-1d transcript could point to a polarity defect in the
chalaza of phb-1d/PHB mutant ovules. This might interfere
with outer integument formation and thus with the transition
of the primordium to bilateral symmetry. Unlike in lateral
shoot organs of phb-1d/PHB, which display greatly reduced
FIL expression (Siegfried et al., 1999), INO mRNA
expression pattern seemed mostly unaffected in phb-1d/
PHB. However, FIL expression was absent from most leaf
primordia of homozygous phb-1d mutant plants (Siegfried
et al., 1999). Our finding suggests that the PHB and INO
expression domains are established independently of each
other in ovules, although we do not know whether we would
see altered INO expression in putative ovules of homo-
zygous phb-1d mutant plants.The phb-1d mutation affects a sequence within the PHB
gene that shows nearly perfect complementarity to two
recently discovered micro RNAs (Rhoades et al., 2002) and
at the same time codes for a putative sterol/lipid binding
domain (McConnell et al., 2001; Rhoades et al., 2002; Tang
et al., 2003). Thus, the nature of the phb-1d mutation itself
offers two possible explanations how elevated levels of
PHB mRNA might be created in the chalaza of phb-1d/PHB
ovules. The mutation might prevent interaction of micro
RNAs miR165/miR166 with the phb-1d transcript and
prevent its degradation (Carrington and Ambros, 2003;
Juarez et al., 2004; Kidner and Martienssen, 2004; Tang et
al., 2003) or alternatively, mimic the binding of a putative
ligand molecule to the sterol–lipid binding domain. This
bactivatedQ form of PHB would then positively regulate its
own expression in a feed-back loop (McConnell et al.,
2001). The presence of ectopic PHB-1d transcript itself
might be sufficient to disturb the polarity within the chalaza
and negatively affect outer integument development. It was
suggested that disruption of adaxial–abaxial polarity within
a lateral organ causes a reduction in proximal–distal
extension of the lateral organ (Bowman et al., 2002; Waites
and Hudson, 1995). However, the proximal–distal extension
was not affected in the inner integument of phb-1d/PHB
ovules, indicating that the inner integument is less sensitive
to higher levels of PHB.
The contributions of ANT, WUS, and PHB to chalaza and
integument development
In wild-type ovules, PHB expression becomes restricted
to the distal segment of the chalaza at the position along the
proximal–distal axis, where eventually the inner integument
will form. No PHB expression is detectable at this position
in the ovules of ant-72F5 and wus mutants, which also fail
to form integuments (Figs. 5C–E, H–J). Because restricted
PHB expression in the distal chalaza is preceding integu-
ment initiation in wild-type ovules, one could hypothesize
that a failure to properly establish chalazal PHB expression
results in the absence of integuments. Thus, both ANT and
WUS are formally positive upstream regulators of PHB in
the process of inner integument initiation, but their
mechanism of action differs. WUS seems to act as a
patterning gene needed for the proper specification of the
tissue from which the integuments will form, whereas ANT
might work as a promoter of primordial growth and cell
proliferation (Bowman et al., 1999; Elliott et al., 1996;
Mizukami and Fischer, 2000). This is supported by the fact
that the ovules of wus mutants do not represent true
phenocopies of ant ovules. In wus ovules, INO is expressed
adjacent to the nucellus (Figs. 5V–Y), and wus ovules seem
to have an elongated funiculus. This suggests that WUS is
necessary for the proper establishment of the chalaza and/or
for preventing INO expression in the distal chalaza. In this
case, we might not be able to detect PHB expression after
stage 2-I in wus mutant ovules, because the PHB expressing
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cells. That the distal chalaza is present in ant ovules
indicates that ANT acts upstream of PHB, but affects later
steps of inner integument formation and/or PHB tran-
scription. This is supported by the presence of ANT mRNA
in the chalaza of wus mutant ovules (Gross-Hardt et al.,
2002) and it is in accordance with the proposed role of ANT
in cell proliferation and organogenesis (Krizek, 1999;
Mizukami and Fischer, 2000). It was reported that altered
cell division patterns, as seen in initiating organs, can feed
back on the transcription of basic developmental regulators
(Wyrzykowska and Fleming, 2003). Therefore, loss of PHB
expression in ant ovules could also be caused by the failure
to initiate integument primordia.
Analysis of the ANTDWUS ovules indicates that WUS
likely acts indirectly as a positive regulator on PHB
transcription by regulating pattern formation along the
proximal–distal axis. The ANTDWUS transgenic ovules
produce a single inner integument at the position where the
normal wild-type ovules produce the inner integument
(Figs. 5M–O and 7B). This shows that ectopic WUS
expression in the chalaza is not sufficient to induce ectopic
PHB expression in the proximal chalaza. Although WUS is
necessary and sufficient to induce integument formation
(Gross-Hardt et al., 2002), its capability to induce inner
integuments seems limited, and inner integument formation
is likely to depend on additional factors, which might
provide local clues that are necessary for PHB transcription.
Such a factor could possibly be the putative ligand for PHB,
which might be emitted from a region within the nucellus
and act in a limited spatial range.
However, ectopic expression of WUS under the ANT
promoter was sufficient to induce ectopic outer integuments.
When using INO as a molecular marker, we found that the
proximal chalazal element was formed repeatedly in
ANTDWUS ovules and was accompanied by outer integu-
ment initiation (Figs. 5R–T and 7B). Thus, both the chalaza
and the funiculus are competent to form outer integuments
in response to WUS-mediated signaling. Interestingly, the
presence of INO transcript alone is not sufficient to promote
outer integument formation, as revealed by the presence of
INO mRNA in wus mutant ovules. Our data suggest that
WUS plays an indirect role in integument formation by
properly establishing the chalaza, by a non-cell autonomous
mode of action as proposed earlier by Gross-Hardt et al.
(2002).
Positioning of the proximal boundary of the chalaza, as
indicated by INO expression, may relate to the proximal–
distal extension of the funiculus. Previous studies raised
the possibility that development of the funiculus consti-
tutes a default pathway of ovule development, with the
chalaza added to the organ through the function of genes
such as NZZ and BEL1 (Balasubramanian and Schneitz,
2000). Similarly, in wus mutants, the distal part of the
chalaza does not form properly and a distal shift of the
proximal part of the chalaza seems to occur, as evidencedby the correspondingly altered INO expression in wus
mutants. At the same time, an elongated funiculus is
observed as judged by morphological criteria. This is
similar to the situation in nzz, where a slight distal shift in
the INO expression is also accompanied by an elongated
funiculus (Balasubramanian and Schneitz, 2000, 2002). We
therefore speculate that positioning the proximal boundary
of the chalaza is an important step in the formation of the
chalaza and the determination of the length of the
funiculus.
NZZ regulates WUS and PHB expression in the nucellus
WUS expression was strongly reduced in nzz mutant
ovules. This indicates that NZZ positively regulates WUS
expression in the nucellus. WUS expression was also
strongly reduced in nzz-2 ino-2 double mutant ovules,
indicating that low levels of WUS expression in nzz were
not due to the reduced size of the distal region and
independent of INO. When WUS function is absent, ovules
do not form integuments. On the other hand, increased WUS
expression leads to the induction of integuments in the
chalaza and along the funiculus, but never in the nucellus
(Gross-Hardt et al., 2002). One way to describe nzz mutant
ovules is to refer to them as ovules, which initiate
integuments from the nucellus. Although reduced, enough
WUS function is present to specify chalazal identity in nzz
mutant ovules, since in nzz, both integuments initiate. Thus,
nzz loss-of-function mutants may also be hypormorphic for
ovule-related WUS function. A challenge for future research
will be to separate NZZ from WUS function. Theoretically,
this could be achieved by expressing a copy of WUS in the
nucellus of nzz mutant ovules.
In addition, the chalazal marker PHB was ectopically
expressed throughout the nucellus when NZZ function was
absent as this was true in the nucellus of nzz-2 ino-2 double
mutant ovules (Figs. 4F–J). Ectopic PHB expression was
therefore independent of INO function, whereas the distal
shift of the integuments was dependent on INO. Thus, NZZ
positively influences WUS expression in the nucellus and
prevents PHB mRNA expression in the nucellus. PHB
expression in turn depends on prior WUS function and on
additional region-specific clues along the proximal–distal
axis. It seems unlikely that NZZ restricts PHB expression by
regulating the expression of the mircro RNAs miR165/
miR166. Otherwise, one would also expect higher levels of
PHB transcript to accumulate in the nucellus of phb-1d/
PHB gain-of-function mutants, similar to the expression of
PHB in nzz-2 mutants. Our expression analysis of PHB
mRNA accumulation in phb-1d/PHB suggests that at least
one of the two micro RNAs miR165/166 is likely to be
active in the proximal chalaza, whereas none of them seems
to be active in the nucellus.
REV and PHB both are members of the class III HD-ZIP
gene family and both genes are expressed in ovules. REV is
expressed throughout the ovule but strongest in the chalaza
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prevent REV from being expressed at high levels in the
nucellus (P.S., M. Petraschek, A. Barberis, and K.S., Plant
Physiology, in press). To our knowledge, NZZ is thus far the
only known factor capable of regulating the spatial
distribution of class III HD-ZIP transcripts, except for
PHB itself, and likely the micro RNAs miR165 and
miR166, respectively (Emery et al., 2003; Juarez et al.,
2004; Kidner and Martienssen, 2004; McConnell et al.,
2001; Tang et al., 2003). NZZ function is needed for the
temporal control of INO expression. In addition, NZZ is
necessary to spatially restrict INO transcripts to a domain in
the abaxial chalaza, a mechanism that involves ATS function
(Balasubramanian and Schneitz, 2000, 2002). Furthermore,
NZZ can physically interact with several YABBY proteins
including INO, in vitro, indicating that the NZZ-INO
interaction can be specific and direct. All together, this also
supports the idea of NZZ being a regulator of polarity
establishment during ovule development (P.S., M. Petra-
schek, A. Barberis, and K. S., Plant Physiology, in press). A
future challenge will be to find out how NZZ represses
genes like PHB and INO and how these genes in turn can
overcome the repressive action of NZZ in the inner and
outer integument, respectively.
The origin of the integuments
The evolutionary origin of the integuments has not been
clarified yet and is still a matter of debate. A widely
accepted theory, known as the telome theory, takes both
paleolytic as well as morphological features of extant
ovules into account and suggests that integuments origi-
nated from the fusion of sterile and/or fertile branch trusses
called telomes (Herr, 1995; Zimmermann, 1952). Molecular
analysis, however, has shown that the YABBY gene INO is
expressed in the abaxial cells of the outer integument
(Balasubramanian and Schneitz, 2000, 2002; Meister et al.,
2002). Since YABBY genes are expressed in abaxial
domains of leaves, this has led to the speculation of the
outer integument being derived from a leaf-like structure
(Meister et al., 2002). PHB is expressed in meristems and in
the adaxial domains of leaves. By the same analogy, one
could speculate that the inner integument could either be
derived from a shoot-like structure or alternatively represent
a leaf-derived organ. Our data show that PHB is not
expressed in the adaxial cells of the outer integument. In
addition, no YABBY gene has been described so far with an
expression domain matching the abaxial cells of the inner
integument calling into question the leaf-derived origin of
(both) integuments. Taking only the PHB and the INO
expression patterns into consideration, one could be
tempted to speculate that bitegmic ovules of extant
angiosperms might have been derived through the
bsplittingQ of an integument in a unitegmic precursor.
Future findings might reveal more insights into the evolu-
tionary origin of the integuments.Acknowledgments
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